The paper introduces a set of formative assessment tasks and rubrics that were developed for use in an introductory physics instruction to help students acquire and self-assess various scientific process abilities. We will describe the rubrics, tasks, and the student outcomes in courses where the tasks and rubrics were used.
I. INTRODUCTION
Several hundred thousand science and engineering students take introductory physics courses each year. What are the goals of these courses? In most courses the goals are to help students acquire a conceptual and quantitative understanding of major physics principles and the ability to use this understanding for problem solving. In addition to these goals, we argue that our introductory courses ͑and, in fact, all courses in physics͒ should help students develop other abilities that will be useful in their future work. According to many studies our students after leaving academia will be asked to solve complex problems, design experiments, and work with other people. [1] [2] [3] [4] Several documents guiding the K-16 program design and evaluation incorporate the development of these abilities as primary goals. National and international science tests at the 4-12th level have items assessing how students achieve these goals ͑reference to NAEP, TIMSS and the UK tests͒. Another example here is the new accreditation requirements for engineering colleges. 5 As opposed to the old checklist of courses taken, engineering colleges must now show that their students have acquired various abilities that are important in the practice of science and engineering. The National Science Standards 6 suggest that students need to learn to ͑i͒ identify questions and concepts that guide scientific investigation; ͑ii͒ design and conduct scientific investigations; ͑iii͒ use technology and mathematics to improve investigations and communications; ͑iv͒ formulate and revise scientific explanations and models using logic and evidence; ͑v͒ recognize and analyze alternative explanations and models; and ͑vi͒ communicate and defend a scientific argument.
Today even the most reformed introductory physics curricula do not focus explicitly on developing these abilities and more importantly on assessing them. The physics education research ͑PER͒ community uses summative assessment instruments that tell us whether students mastered the concepts of Newton's laws, thermodynamics, electricity and magnetism, and so on. Physics by Inquiry, Workshop Physics, Interactive Lecture Demonstrations, and the Washington tutorials [7] [8] [9] [10] [11] [12] use a formative assessment of student learning in the process of learning, but their focus is also mostly on conceptual understanding. Some reformed curricula such as SCALE-UP ͑Ref. 13͒ have recognized some of these goals and implemented strategies to achieve them. However, in the PER community, there are no instruments that assess whether students can design and conduct investigations, communicate, and defend scientific argument, etc. This does not mean that such instruments do not exist. More than 60 years ago, Kruglak and colleagues developed performance tests to evaluate student achievement in introductory college physics courses at the University of Minnesota. These tests involved the use of laboratory equipment to measure different aspects of experimentation such as control of variables, selection of an appropriate method to answer an experimental question, and analysis and interpretation of experimental data. [14] [15] [16] [17] Later, items similar to Kruglak's questions but adapted to the paper-and-pencil environment appeared in national ͑NAEP͒ and international ͑TIMSS-R͒ science tests for middle school and high school students. 18, 19 These tests show the importance of achieving science process goals. Although a valuable resource, the performance tests and paper-and-pencil items on the written tests are summative in nature; they assess the results of learning and do not help students in the process of learning.
In this paper we describe a set of the tasks and formative assessment instruments that can be used to help achieve "science-process" goals, as formulated by the National Research Council, the National Science Foundation, ABET, and others. We also describe the results of using these tasks and instruments in introductory physics courses whose curriculum was designed to specifically achieve these goals in addition to the traditional goals of a physics course.
II. DEFINING SCIENTIFIC ABILITIES
We use the term "scientific abilities" to describe some of the most important procedures, processes, and methods that scientists use when constructing knowledge and when solving experimental problems. We use the term scientific abilities instead of science-process skills to underscore that these are not automatic skills, but are instead processes that students need to use reflectively and critically. 20 The list of scientific abilities that our physics education research group developed includes ͑A͒ the ability to represent physical processes in multiple ways; ͑B͒ the ability to devise and test a qualitative explanation or quantitative relationship; ͑C͒ the ability to modify a qualitative explanation or quantitative relationship; ͑D͒ the ability to design an experimental investigation; ͑E͒ the ability to collect and analyze data; ͑F͒ the ability to evaluate experimental predictions and outcomes, conceptual claims, problem solutions, and models, and ͑G͒ the ability to communicate.
This list is based on the analysis of the history of the practice of physics, [21] [22] [23] the taxonomy of cognitive skills, 24, 25 recommendations of science educators, 26 and an analysis of science-process test items. 19 To help students develop these abilities, one needs to engage students in appropriate activities, and to find ways to assess students' performance on these tasks and to provide timely feedback. Activities that incorporate feedback to the students are called formative assessment activities. As defined by Black and Wiliam, formative assessment activities are "all those activities undertaken by teachers, and by their students in assessing themselves, which provide information to be used as feedback to modify the teaching and learning activities in which they are engaged." 27 These authors reviewed 580 articles and found that learning gains produced by effective use of formative assessment are larger than those found for any other educational intervention ͑effect sizes of 0.4-0.7͒. Black and Wiliam also found that self-assessment during formative assessment is more powerful than instructor-provided feedback; meaning the individual, smallgroup, and large-group feedback system enhances learning more than instructor-guided feedback. Sadler 28 suggested three guiding principles, stated in the form of questions, that students and instructors need to address in order to make formative assessment successful: ͑1͒ Where are you trying to go? ͑Identify and communicate the learning and performance goals.͒ ͑2͒ Where are you now? ͑Assess, or help the student to self-assess, current levels of understanding.͒ ͑3͒ How can you get there? ͑Help the student with strategies and skills to reach the goal.͒ As noted above, students need to understand the target concept or ability that they are expected to acquire and the criteria for good work relative to that concept or ability. They need to assess their own efforts in light of the criteria. Finally, they need to share responsibility for taking action in light of the feedback. The quality of the feedback rather than its existence or absence is a central point. The feedback should be descriptive and criterion-based as opposed to numerical scoring or letter grades without clear criteria. With all the constraints of modern teaching, including largeenrollment classes and untrained teaching assistants, how can one make formative assessment and self-assessment possible?
One way to implement formative assessment and selfassessment is to use assessment rubrics. An assessment rubric is one of the ways to help students see the learning and performance goals, self-assess their work, and modify it to achieve the goals ͑three guiding principles as defined by Sadler above͒. The rubrics contain descriptions of different levels of performance, including the target level. A student or a group of students can use the rubric to help self-assess her or their own work. An instructor can use the rubric to evaluate students' responses and to provide feedback.
III. FINE-TUNING SCIENTIFIC ABILITIES AND DEVISING RUBRICS TO ASSESS THEM
After making the list of scientific abilities that we wanted our students to develop, we started devising assessment rubrics to guide their work. Rubrics are descriptive scoring schemes that are developed by teachers or other evaluators to guide students' efforts. 29 This activity led to a fine-tuning of the abilities, that is, to break each ability into smaller subabilities that could be assessed. For example, for the ability to collect and analyze data we identified the following subabilities: ͑i͒ the ability to identify sources of experimental uncertainty, ͑ii͒ the ability to evaluate how experimental uncertainties might affect the data, ͑iii͒ the ability to minimize experimental uncertainty, ͑iv͒ the ability to record and represent data in a meaningful way, and ͑v͒ the ability to analyze data appropriately.
Each item in the rubrics that we developed corresponded to one of the subabilities. We agreed on a scale of 0-3 in the scoring rubrics to describe student work ͑0, missing; 1, inadequate; 2, needs some improvement; and 3, adequate͒ and devised descriptions of student work that could merit a particular score. For example, for the subability "to record and represent data in a meaningful way" a score of 0 means that the data are either missing or incomprehensible, a score of 1 means that some important data are missing, a score of 2 means that all important data are present but recorded in a way that requires some effort to comprehend, and a score of 3 means that all important data are present, organized, and recorded clearly.
Simultaneously, while refining the list of abilities, we started devising activities that students could perform in recitations and laboratories. Defining subabilities and developing rubrics to assess them informed the writing of these activities. After we developed the rubrics, we started using them to score samples of student work. Each person in our nine-person group ͑eight coauthors and one member who left before the project was completed͒ assigned a score to a given sample using a particular rubric; we then assembled all the scores in a table and discussed the items in the rubrics where the discrepancy was large ͑See Table I for an example͒.
Based on these discussions we revised the wording of the rubrics and tested them by scoring another sample of student work. This process was iterated until we achieved 80% or higher agreement among our scores.
In the sections below we list scientific abilities and corresponding subabilities that we identified, provide examples of scoring rubrics that we devised, and discuss where in the instructional process we use the rubrics. For each scientific ability, we provide examples of the tasks written for the students. Often the tasks target several abilities. In subsequent sections we will report on how we used the rubrics to study students' acquisition of some of the suggested abilities.
A. Ability to represent physical processes in multiple ways
While constructing and using knowledge, scientists often represent the knowledge in different ways, check for consistency of the representations, and use one representation to help construct another. 30, 31 For example, in the 1950s Feynman diagrams helped quantum electrodynamics move forward somewhat more rapidly by providing a more visual and understandable representation of a scattering process. Rules were also developed for converting these diagrams into complicated scattering cross section equations. Such qualitative representations, particularly diagrammatic or in some cases graphical representations, help physicists reason qualitatively about physical processes and to see patterns in data without engaging in difficult mathematical calculations.
In our introductory physics courses students are often given a verbal description of a physical process and a problem to solve relative to that process. They can start their analysis by constructing a sketch to represent the process and include in the sketch the known information provided in the problem statement. They construct more physical representations that are still relatively easy to understand-for example, motion diagrams, free-body diagrams, qualitative work-energy and impulse-momentum bar charts, ray diagrams, and so forth. Finally, they use these physical representations to help construct a mathematical representation of the process.
What subabilities help to make this multiple representation strategy productive for reasoning and problem solving? ͑i͒ The ability to correctly extract information from a representation; ͑ii͒ the ability to construct a new representation from another type of representation; ͑iii͒ the ability to evaluate the consistency of different representations and modify them when necessary.
In addition to such subabilities that students need to master while using multiple representations, there are specific subabilities needed for each type of representation. For example, to use free-body diagrams ͑FBDs͒ productively for problem solving, students must learn to: ͑i͒ Choose a system of interest before drawing the diagram; ͑ii͒ use force arrows to represent the interactions of the external world with the system object or objects; ͑iii͒ label the force arrows with two subscripts ͑for example, the force exerted by the Earth on the object is labeled as F ជ E on O ͒; ͑iv͒ try to make the relative lengths of force arrows consistent with the problem situation ͑the net force should be in the same direction as the system object's acceleration͒; ͑v͒ include labeled axes on the diagram.
Such diagrams, if drawn correctly, can be used to help write Newton's second law in a component form; to represent the situation mathematically. Based on these considerations we constructed a rubric to help students self-assess themselves while drawing FBDs ͑see Table II͒. How can a student use this rubric for self-assessment? After she draws a free-body diagram she can use the rubric to ask herself whether she labeled all the forces with two subscripts to indicate interacting objects or for some of the forces she cannot find a pair of the objects? She can also check whether the number of forces on the diagram is equal to the number of objects that interact with the object of in-TABLE I. Scoring student work using the rubrics. For each student write-up, nine people assigned scores based on the descriptors of a particular subability in a rubric. The rubric descriptors with large discrepancies ͑more than 1 score point͒ were discussed and revised. In this case the largest discrepancy was in the assessment scores for the subability to represent data in a meaningful way. terest. Then she can check for less significant things such as coordinate axes. Obviously using the rubric for selfassessment requires the knowledge of physics; thus this process cannot proceed completely without an interaction with an instructor. The same is true for using other rubrics for self-assessment: they help students to ask relevant questions about their work but they do not provide answers. Thus a rubric guides a student in the process of self-assessment but does not provide feedback by itself. We also made a list of several types of multiple representation activities ͑a task may consist of some combination of these activities͒. For example: ͑i͒ Provide students with one representation and have them create another; ͑ii͒ provide students with two or more representations and have them check for consistency between them; ͑iii͒ provide students with one representation and have them choose from a multiple-choice list a consistent different type of representation ͑for example, provide a mathematical description of a process and have students select from a list a consistent word description of the process͒; ͑iv͒ have students use a representation while solving a problem. An example of a task that helps students develop the subabilities to construct new representations from other representations and to evaluate the consistency of different representations is given in Fig. 1 . In addition, this example helps students learn to draw free-body diagrams.
B. Ability to devise and test a qualitative explanation or quantitative relationship
One of the purposes of science is to explain observed phenomena. 32, 33 Hypotheses that scientists generate to explain phenomena need to be testable-this means that they can be used to make predictions about the outcomes of new experiments. 34 If the outcome matches the prediction, it does not mean that the hypothesis under the test is always correct; it only means that the hypothesis was not ruled out by the testing experiment. Thus, it is more productive to try to design an experiment whose actual outcome may not match the prediction based on the hypothesis under the test. However, the outcome of the testing experiment depends not only on the correctness of the hypothesis but also on other auxiliary hypotheses used to make a prediction. These are usually simplifying assumptions about objects, interactions, systems, or processes involved in the phenomenon. 35 Based on these considerations we identified the following subabilities that we want our students to develop: ͑i͒ ability to make a reasonable prediction based on the proposed hypothesis; ͑ii͒ ability to identify assumptions used in making the prediction; ͑iii͒ Ability to determine specifically the way the assumptions might affect the prediction; ͑iv͒ Ability to revise the hypothesis based on new evidence.
For each of the subabilities, we developed an item in the rubrics to guide students. A sample set of rubrics is shown in Appendix A. In item 7 in the set of rubrics in Appendix A, one can see an example of the descriptors used to assess student's ability to make a prediction based on a relationship or explanation. In addition to the assessment goal this item helps students see the importance of using the explanation to make a prediction and asks them to pay attention to the assumptions. Although it does not tell them whether the assumptions they described are correct, it reminds the students to describe the assumptions.
To engage students in testing hypotheses, we provide them with alternative hypotheses that they need to test. This is usually done when students are constructing a new understanding and have to reconcile new ideas with their prior knowledge. We emphasize that they need to try to design an experiment to rule out the hypothesis, not to support it. For example, ͑i͒ design an experiment to test the following proposed hypothesis: an object always moves in the direction of the unbalanced force exerted on it by other objects; ͑ii͒ design an experiment to test the following proposed hypothesis: in an electric circuit the current is used up by different elements.
The primary setting where students can strengthen their ability to develop and test hypotheses is the laboratory. In place of a laboratory write-up that tells students what to do, we structure the write-up around the rubric abilities that we think it should develop. The lab write-ups provide guidance as shown below.
Testing experiment
Your friend says that as current flows through a circuit, it is used up by the elements of the circuit. Design an experiment to test your friend's idea.
Equipment. Voltage source, resistors, light bulbs of different ratings, ammeter, voltmeter.
Write the following in your lab report, ͑a͒ State the hypothesis you will test. ͑b͒ Devise a procedure to test the hypothesis. Write an outline of your design;
͑c͒ Draw a circuit diagram. Use different resistors or light bulbs as your circuit elements.
͑d͒ Make a prediction of the outcome of your experiment, based on the hypothesis that you are testing. State your assumptions.
͑e͒ Perform the experiment. Record your data in an appropriate format.
͑f͒ What is the outcome of the experiment? Did the outcome match the prediction?
͑g͒ Based on your prediction and the outcome of the experiment, what is your judgment about the hypothesis you were testing? ͑h͒ How can you modify the hypothesis to account for the outcomes of the experiment?
In Appendix A we provide examples of student work in a laboratory where they design experiments to test proposed hypotheses and rubrics that help students self assess their work. The rubric scores assigned by instructors can be used for research purposes. ͑Examples are given in Sec. IV.͒
C. Ability to modify a qualitative explanation or quantitative relationship
Another important ability that scientists use in their work is the ability to account for anomalous or unexpected data. Often when a scientist performs an experiment, she obtains some information that seems to contradict her expectations. After performing the experiment she needs to modify the explanation or revisit the simplifying assumptions. We devised "surprising data tasks" that engage students in similar activities. They are used at the stage of learning when students have constructed some scientific understanding ͑expla-nation͒ of relevant phenomena and are ready to refine them. Students are asked to predict what will happen as a result of a particular new experiment. Students need to write the prediction and a justification of the prediction. After making their prediction and writing a justification, students observe the experiment directly. Most likely the outcome of the experiment will not match their prediction-they will have anomalous data. Then the students have to revise their prediction by revising the explanation on which their prediction was based, or the simplifying assumptions that they used to make it.
There are several reasons why surprising data tasks might be helpful in forming students' scientific abilities : 36 students learn to analyze data and revise explanations; students receive almost instant feedback about their prediction when they observe the experiment. Students learn to differentiate between a description and an explanation, 37 which is often confusing for the students. 38 These tasks also help develop an evaluation ability, as students have an opportunity to reconsider their reasoning after observing an experiment.
One can use them during instruction to build more sophisticated models of phenomena and, at the end of learning a particular topic, to assess students' understanding of assumptions that they often make unconsciously. An example of a surprising data task that engages students in revising a model of constant electric resistance is provided below. It can be used in a laboratory. Students perform the activity after they learn how to build simple circuits, understand what current and voltage are, how to measure them, and that the voltageversus-current ratio for commercial resistors is constant.
Testing experiment
Voltage-versus-current ratio for a light bulb. Equipment. Constant voltage source, a light bulb, a commercial resistor, ammeter, voltmeter, connecting wires, and a switch.
Connect a light bulb in series with an ammeter ͑to read the current through the bulb͒. Connect a voltmeter across the bulb ͑to read the voltage across the bulb͒. Do not close the switch yet.
Write the following in your lab report. ͑1͒ Draw a circuit diagram. ͑2͒ Close the switch, record the current through the bulb and the voltage across it. Determine the voltage to current ratio for the bulb.
͑3͒ Next, connect the bulb in series to a resistor. Draw a circuit diagram. Do not close the switch yet. Predict the voltage-to current-ratio for the bulb after you close the switch. Explain your prediction.
͑4͒ Close the switch and record the values of voltage and current. Determine the ratio. Did it match the prediction?
͑5͒ How can you explain the discrepancy between the predicted value and the experimental value?
͑6͒ Devise an experiment you could perform to test your explanation ͑you do not have to actually perform the experiment͒.
In addition to the rubrics in Appendix A, the rubric in Table III helps students self-assess their ability to revise an explanation based on the results of an experiment. More tasks of this type can be found at http://paer.rutgers.edu/pt3.
D. Ability to design an experimental investigation
To devise and test relationships and explanations students need to develop experimental abilities. For pedagogical purposes we have classified experimental investigations that students perform in introductory courses into three broad categories: 39 observational experiments, testing experiments, and application experiments.
When conducting an observational experiment, a student focuses on investigating a physical phenomenon without having expectations of its outcomes. When conducting a testing experiment, a student has an expectation of its outcome based on concepts constructed from prior experiences. In an application experiment, a student uses established concepts or relationships to address practical problems. In the process of scientific research the same experiment can fall into more than one of these categories. What abilities do students need when designing these investigations? We have identified the following steps that students need to take to design, execute, and make sense out of a particular experimental investigation. We assigned a subability for each step and wrote corresponding descriptors in the rubrics. The results of these discussions are presented in Table IV. For each of the identified subabilities, we devised a rubric item that describes different levels of proficiency. For example, for the subability "using available equipment to make measurements" a 0 level of proficiency is described as "at least one of the chosen measurements cannot be made with the listed equipment;" the level 1 is described as "all of the chosen measurements can be made but there are no details given of how it is done;" the level 2 is described as "all chosen measurements can be made but the details of how it is done are vague or incomplete;" and the level 3 "all measurements can be made and all details of how it is done are provided." The rubrics describe the levels of proficiency for each of the subabilities identified in Table IV .
Students use these rubrics in the laboratories. Ideally we want them to continuously refer to the rubrics while designing and performing the experiment. The rubrics guide them as to what experimental aspects they should specifically pay attention to. After they perform the experiment, they write a lab report ͑in the lab͒. During the process of writing, they use the descriptors in the rubrics to improve their report.
E. Ability to collect and analyze data
The abilities to collect and analyze data are independent of the type of experiment that is being performed and hence, have been placed in a different category. We identified subabilities that students need for successful data collection and analysis and devised rubrics for each subability. ͑The simplified list below is appropriate for students-scientists do this at a much more sophisticated level.͒ ͑i͒ Ability to identify sources of experimental uncertainty. ͑ii͒ Ability to evaluate how experimental uncertainties might affect data. ͑iii͒ Ability to minimize experimental uncertainty. ͑iv͒ Ability to record and represent data in a meaningful way. ͑v͒ Ability to analyze data appropriately. The rubric for each subability has descriptors indicating what needs to be done for a satisfac- tory achievement. An example of a rubric for the subability to record and represent data in a meaningful way is shown in Table V . Students develop these subabilities in labs. As we discussed above, the lab write-ups we provide guide them through the process by focusing their attention on the subabilities outlined in the rubrics. Below, we show an example of an application experiment for use in labs. This lab activity helps students develop the abilities to design an application experiment to solve a practical problem, and to collect and analyze data. ͑a͒ Draw a sketch of your experimental design. ͑b͒ Write a brief outline of the procedure you will use. ͑c͒ Decide what assumptions about the objects, interactions, and processes you need to make to solve the problem. How might these assumptions affect the result? Make sure you only consider relevant assumptions.
͑d͒ Draw a free-body diagram for the shoe for the situation. ͑Recall your assumptions.͒ Include an appropriate set of coordinate axes. Use the free-body diagram to devise the mathematical procedure to solve the problem.
͑e͒ What are possible sources of experimental uncertainty? Which instrument gives you the highest uncertainty? How would it affect the data? How could you minimize it?
͑f͒ Perform the experiment and record your observations in an appropriate format. Make sure you take steps to minimize uncertainties. What is the outcome of the experiment?
͑g͒ We define an evaluation as making judgments about information based on specific standards and criteria. 40 More specifically, a given particular is judged by determining whether it satisfies a criterion well enough to pass a certain standard. Scientists constantly use evaluations to assess their own work and the work of others when conducting their own research, serving as referees for peer-reviewed journals, or serving on grant-review committees.
The evaluation is a crucial ability for our students. During a physics course, students are expected to identify, correct, and learn from their mistakes with the help of an instructor. This aid may come in many forms, such as when an instructor provides problem solutions to a class, or tutoring to an individual student. However, in each case the student relies upon an instructor ͑or sometimes a textbook͒ in order to determine whether, and how, their work is mistaken. Since the students are not given any other means with which to evaluate their work, the students come to see an evaluation by external authorities as the only way for them to identify and learn from their mistakes.
There are several sets of criteria and strategies that are commonly used by practicing physicists. Each of these strategies relies upon hypothetico-deductive reasoning, 34 whereby the information is used to create a hypothesis which is then tested. The types of subabilities that students need to develop to be successful in evaluations are numerous. Some of them are ͑i͒ ability to conduct a unit analysis to test the selfconsistency of an equation; ͑ii͒ ability to analyze a relevant limiting and/or special case for a given model, equation, claim; ͑iii͒ ability to identify the assumptions a model, equation, or claim relies upon; ͑iv͒ ability to make a judgment about the validity of assumptions; ͑v͒ ability to use a unit analysis to correct an equation which is not self-consistent; ͑vi͒ ability to use a special-case analysis to correct a model, equation, or claim; ͑vii͒ ability to judge whether an experimental result fails to match a prediction; ͑viii͒ ability to evaluate the results of an experiment by means of an independent method.
Evaluation subabilities are integral components of multiple representation abilities, design abilities, etc. Examples of evaluation subabilities rubrics are given in Table VI. To help students learn evaluation strategies, we have developed two categories of tasks. One category consists of supervisory evaluation tasks, wherein students act like a supervisor by evaluating ͑and, if necessary, correcting͒ someone else's work ͑usually the work of an imaginary friend͒. The other category consists of integrated evaluation tasks, which ask the students to evaluate, and if necessary to correct, their own work. For both categories of task, the evaluated work may be a problem solution, experiment design, experiment report, conceptual claim, or a proposed model. Supervisory evaluation tasks are meant to help the students learn the goals, criteria, and method of use for each evaluation strategy, while integrated evaluation tasks encourage students to incorporate evaluation into their learning behavior. During a semester we tend to use mostly supervisory tasks for the first few weeks so that the students can get acquainted with each strategy, and then transition to integrated tasks so that they gain experience at using the strategies to evaluate and correct their own work.
Below are two example tasks. Each of these tasks features the same physical scenario and question. The first task exemplifies the format of a supervisory task, and is structured to help the students work through each step in the evaluation. The second task is in the format of an integrated task. In general, any of our tasks may be framed either as supervisory or integrated tasks.
Supervisory task: You have been given a problem, which says: "As a certain type of green bean ripens, it builds up gas inside until the bean pod explodes from the pressure and shoots its seeds outwards. Let us assume one particular seed starts off at ground level, and is shot out at an angle of 30°a bove the ground at a speed of 12.0 m / s. What is the maximum height the seed reaches above the ground?" Your friend Scooter comes up with the following solution. ͑b͒ For this special-case, state what you think the answer should be, and explain your reasoning.
͑c͒ Next, recalculate your friend's answer for your special case.
͑d͒ Compare your conceptual expectation with the result from part ͑3͒.
͑e͒ Make a conclusion about the validity of your friend's solution based on this comparison.
Integrated task. As a certain type of green bean ripens, it builds up gas inside until the bean pod explodes from the pressure and shoots its seeds outwards. Let us assume one particular seed starts off at ground level, and is shot out at an angle of 30°above the ground at a speed of 12.0 m / s.
͑a͒ What is the maximum height the seed reaches above the ground?
͑b͒ Do a special-case analysis of your work in part ͑a͒. ͑c͒ If your work does not pass the special-case analysis, describe how you should change your solution in order to pass the analysis. If your work did pass the special-case analysis, describe how you benefited from doing the analysis anyway.
Evaluation tasks are usually employed as part of recitations and homework. During recitations, students have a chance to try using each strategy while getting real-time feedback from their peers and instructor. Moreover, recitations provide a setting where the students can learn how to associate topic-specific knowledge with the general evaluation strategies. The homework then provides an opportunity for students to gain further practice at using each strategy.
G. Ability to communicate
An important ability in the work of scientists is their oral and written communication, an ability that can be fostered in a physics course. For example, the quality of a lab report can be judged for its completeness and clarity. A communication Table VII .
IV. DO STUDENTS DEVELOP SCIENTIFIC ABILITIES?
In this section we will describe briefly four research projects whose goals were to investigate whether students who learn physics in courses which focus on the development of specific abilities actually acquire them and use them while solving problems, designing experiments, evaluating their work, etc. We also investigated students' attitudes towards the development of some of these abilities.
A. The study of multiple-representation abilities
This two-year descriptive study was conducted in a largeenrollment ͑about 500 students͒ algebra-based physics course for science majors. One of the course goals was to help the students use multiple representations for the analysis of phenomena and for problem solving. In lectures the instructor discussed with the students how to represent the same process in multiple ways, and how to use one type of representation to help construct another, and how to apply the representations for problem solving. Students worked individually and in small groups on activities that required them to represent problem situations in different ways without actually solving for a particular quantity. In recitations students worked on similar activities; they were also part of homework assignments and appeared as multiple-choice problems on the exams. When students solved traditional problems, they were encouraged to use a problem-solving strategy in which physical representations ͑such as free-body diagrams, energy bar charts, ray diagrams, etc.͒ were used to construct mathematical equations. Homework solutions for traditional problems used a multiple-representation strategy.
For the study we used a free-body diagram as an example of a physical representation. Students learned to construct free-body diagrams according to the advice provided in the rubric described earlier. Students learned to convert a diagram into Newton's second law in component forms. Occasionally, they were given Newton's second law in a component form as applied to an unknown situation and asked to construct a consistent free-body diagram and to describe in words a consistent physical situation.
The goals of the study were to ͑a͒ see if students who were explicitly taught how to draw FBDs and how to use them to solve problems actually used them to help solve multiple-choice problems when no credit was given for drawing the diagrams, and ͑b͒ see if the use of a FBD correlated with success in solving Newton's second law problems. We collected data from several multiple-choice exams ͑the quantitative study͒ and interviewed some students ͑the qualitative study͒. In the first year, we chose five problems from four exams; in the second year, seven problems from four exams. The problems were chosen if they involved forces and were difficult enough to merit the construction of a diagram. In our first year, we followed 125 randomly chosen students and 120 in the second year.
We examined FBDs that students drew on the exam sheets near the problem statement. First we counted the number of students who drew diagrams on the problem sheets. The exams were multiple choice and students were only given credit for a correct answer. Thus, if a diagram appeared on the problem sheet next to some kind of mathematical solution, we considered that a student drew it to help solve the problem. We found that on average about 58% of our students drew a FBD for each of the chosen exam problems even when they knew they would not receive any credit for doing so. For traditionally taught students, this number is around 20%. 41 To see if the FBD construction correlated with success in problem solving, we scored student diagrams using the rubric. Our coding scheme followed the rubric descriptors ͑missing, inadequate, needs improvement, and adequate͒ shown earlier. We found that for over 12 problems on 4 exams 85% of students who had a correct free-body diagram ͑"adequate," according to the rubric-Table II͒ had a correct answer. 71% of those who had an incomplete diagram ͑"needs improvement"͒ had a correct answer. 38% of those who had an incorrect diagram ͑inadequate͒ had a correct answer and 49% of those who did not draw a diagram ͑miss-ing͒ had a correct answer. The average percentage of students who solved these problems correctly was 60%. A twosample t test for independent samples indicated that those who had an adequate diagram significantly outperformed the class average, and those who had inadequate diagrams were significantly below the class average. There were some small variations between the categories per individual question. However, there was never a case when the students who did not draw a diagram were more successful than those who drew a correct one.
We followed up with interviews ͑six students͒ during which students had to solve several problems using a thinkaloud protocol. All students started solving a problem by constructing a sketch of the situation described in the problem statement and five out of six drew a free-body diagram after the sketch. Two most successful students then went back and forth between the sketch and their free-body diagram to understand the problem better. They used the diagrams to help create a Newton's second law equation in a component form, which they then used to solve the problem. These students determined the direction of the acceleration and constructed a diagram that was consistent in terms of force magnitudes with the acceleration direction. After completing their numerical solution, they went back to the freebody diagrams and used them to evaluate the final result. None of the students who were unsuccessful in problem solving during the interview used the free body diagram to construct the mathematical representation and none used it to evaluate the result. More details of this study can be found in Ref. 42 .
B. The study of experimentation abilities
The study was conducted in a large-enrollment introductory laboratory course ͑500 students͒ for science majors ͑pre-med, prevet, biology, exercise science, and environmental science͒. Although the laboratory course was separate from a lecture and/or recitations course, most of the students were enrolled in both. The development of scientific abilities was considered an important goal in both courses. In the lab course there were 20 lab sections, each with about 25 students and 9 teaching assistants. Students performed one three-hour lab per week for 10 weeks. In each lab, at least one experiment was a design task ͑similar to the example in Sec. III E͒. The experiments had guidelines that focused on different scientific abilities that we had identified.
To measure the development of students' acquisition of scientific abilities, we scored their lab reports each week based on the scientific abilities rubrics. We focused on the ability to design a reliable experiment to solve a problem, to choose a productive mathematical procedure, to communicate details of the experiment, and to evaluate the effects of experimental uncertainty. Our sample consisted of 35 randomly chosen students who were distributed among 4 lab sections. In Fig. 2 , we show a histogram of the scores that students' reports received on four abilities during the third and the tenth week of the semester.
We found that the students' abilities to design an experiment, to devise a mathematical procedure to solve an experimental problem, and to communicate the details of the procedure performance improved. 43 The changes in the above abilities were statistically significant. However, the changes in students' ability to evaluate experimental uncertainties were not significant. We later found that another ability on which students do not improve is the evaluation of the effects of theoretical assumptions. 44 It could be that guidelines for the students in the lab, asking them to evaluate the effects of assumptions and uncertainties, are not sufficient for them to actually do it. Students probably need additional exercises helping them master these abilities. 45, 46 We are currently working on the development and pilot testing of these exercises.
C. The study of transfer of scientific abilities
The goal of this study was to investigate whether students can transfer some scientific abilities to a new context. We use the term transfer here to mean an ability to apply something that one learns in one context in a different context or with a different content.
This study was conducted in a 190-student algebra-based physics course with two 55-minute lectures, one 80-minute recitation, and one three-hour lab. Each lab usually contained two design tasks in which students had to either test a proposed hypothesis ͑similar to the Testing experiment in Sec. III B͒ or experimentally solve a practical problem ͑similar to the Application experiment in Sec. III E͒. The lab handouts provided to the students resemble the example shown after the next paragraph.
In the first lab of the course, students were to design an experiment to test a proposed hypothesis ͑the full experiment write-up and sample student responses are given in Appendix A and Tables X and XI͒. They were encouraged to design an experiment to reject the hypothesis, as a supportive outcome meant only that the hypothesis was not ruled out-it did not prove the hypothesis. Students had guidelines provided in the lab handout and rubrics to help them design an experiment. They were to use hypothetico-deductive reasoning to test the hypothesis. The logic of hypothetico-deductive reasoning that we communicated to the students was as follows:
If the hypothesis being tested is correct. And I perform the following testing experiment. Then I predict the outcome of the experiment based on the hypothesis.
And/But the outcome did/did not match the prediction. Therefore the hypothesis is not/is disproved. A question on the final exam was similar to the above experiment: "Describe an experiment that you could design to test the proposed hypothesis that an object always moves in the direction of the unbalanced force exerted on it by other objects." The final exam was three months after the above experiment was performed in the lab. However, on the exam, students had no guidelines like parts ͑a͒-͑i͒ in Appendix A, and no rubrics. Also, students worked individually on the exam. According to a scheme by Barnett and Ceci, 47 the transfer we examined can be classified as near in terms of the The individual student's exam question was scored using the rubrics. Table VIII indicates the percentage of students whose exam answer received a score of 3 on the relevant items in the rubrics. We call this percentage the rate of transfer. The rate of transfer means that a certain percentage of the students are successful in a certain ability. Typically the rate of transfer is measured by the percentage of subjects who can solve a problem similar to a problem that they were taught to solve. These results are encouraging as this rate of transfer for some abilities was much higher than the typical 20% transfer rate reported in other studies ͑this is transfer of a skill without a hint͒. 48 We believe that it is unlikely that students remembered the details of the laboratory work on this question performed three months earlier. However, they have been using hypothetico-deductive reasoning during the semester, and this practice could have contributed to the positive result. Was this problem too easy and hence a false indicator of transfer? To address this issue, we compared students' performance on this exam question and their overall performance on the exam. The average score on this special question was 60% ͑standard deviation of 21%͒ as opposed to the average score of 69% ͑standard deviation 15.5%͒ on the exam as a whole-it seems that the special question was not too easy. Thus we think that students did indeed transfer some experimentation-related scientific abilities that they acquired in the labs using the rubrics.
D. The study of evaluation abilities
A comparison-group study was conducted in two largeenrollment courses for science majors. Both courses are year-long courses but the experimental course has generally lower achieving students and is taught on a different university campus. During the year when the experiment was conducted the two courses were run in parallel, with nearly identical lectures, recitations, homework, and labs. The only significant difference was that in the experimental course several evaluation tasks were included in recitation assignments and homework while the comparison course had no evaluation tasks in their coursework.
The study had two goals. One goal was to find out whether the use of our evaluation tasks did indeed help students to acquire evaluation abilities. The other goal was to find whether an improvement in students' evaluation abilities benefited their understanding of the subject matter.
We included an evaluation task on each of the six exams throughout the year for both courses. We used the rubrics to assign scores of 0-3 ͑0, missing; 1, inadequate; 2, needs improvement; 3, adequate͒ to student work related to each strategy. We found that in the experimental group students mastered the unit analysis strategy very quickly, scoring an average of 2.5 with a standard deviation of 1.05 on the first exam, and maintaining that average throughout the year. In contrast, the much more complicated strategy of special-case analysis took most of a semester to be learned. On the first exam, the average score was 1.17 with a standard deviation of 1.04. By the end of the first semester, though, the student average reached 2.30, with a standard deviation of 0.62, and remained roughly there for the entire second semester.
To address our second goal, we analyzed exam data from the two courses. The exams for the experimental and control groups shared several of the same multiple-choice problems. Of these shared problems, some were on topics on which only the experimental group students had evaluation tasks ͑such as Newton's Second Law͒, whereas the comparison group had additional standard problems on those topics instead of the evaluation tasks in their homework and recitations. The shared multiple-choice exam problems on such topics will be called E problems. ͑Though called E problems, these problems did not have an evaluation component, they were traditional physics problems. The letter E relates to the fact that students in the experimental course had received evaluation tasks related to the content of those problems instead of traditional problems.͒ The remainder of the shared exam problems were on topics on which no one had evaluation tasks ͑such as momentum͒. We will call these NE problems.
By comparing the relative performance of each class on E and NE problems, we could test whether the use of our evaluation tasks benefited the students' problem solving performance. What we found was that the experimental group students significantly outperformed control students on E problems, while the control group students significantly outperformed the experimental group students on NE problems.
We did, in fact, expect the control group students to do better on NE problems since these students have stronger math and science backgrounds. In light of this population difference, our result that the experimental group students did better on E problems is especially remarkable. It indicates that the use of evaluation tasks significantly benefited students' problem solving for those topics. In particular, we found that a mastery of special-case analysis was the primary cause behind this boost in relative performance. This is reasonable since a special-case analysis is one effective way for students to test and refine their conceptual understanding, and to coherently organize different models into a hierarchical system.
V. SUMMARY
This paper described the development of tasks and assessment rubrics that help students acquire some of the abilities useful in science and engineering. Development of these abilities is considered important in science courses at K-16 levels. [14] [15] [16] [17] [18] [19] There are summative assessment questions developed for national and international evaluations of student learning of some scientific abilities but we are unaware of any systematic efforts to build a coherent and systematic library of formative assessment tasks and rubrics to help students develop these abilities.
We have developed an approach to learning introductory college physics in which the acquisition of various scientific abilities is one of the main goals. We list below the general process abilities that we have chosen to include in the learning system with the goal of helping students develop these abilities while learning physics. ͑i͒ Learn to represent physical processes in multiple ways. ͑ii͒ Learn to devise and test a qualitative explanation or quantitative relationship. ͑iii͒ Learn to modify a qualitative explanation or quantitative relationship. ͑iv͒ Learn to design an experimental investigation. ͑v͒ Learn to record, represent, and analyze data. ͑vi͒ Learn to evaluate experimental predictions and outcomes, conceptual claims, problem solutions, and models. ͑viii͒ Learn to communicate. Each ability includes subabilities that are needed for proficiency in that ability.
In order to help students acquire these abilities, we have developed a large number of activities used formatively during instruction. In addition, we have developed rubrics, which indicate what is needed for proficiency relative to the different subabilities. The rubrics can also be used by instructors to provide formative feedback to the students or for summative evaluation of the students and the learning system. The rubrics can also be used by students for selfevaluation as they perform the activities. Students need to be able to revise their work after they evaluated it using the rubrics. Here the instructor's help is essential as the rubrics themselves do not provide content-related feedback. The rubrics also can be used for research purposes to monitor students progress and to compare students from different courses. They can add to our library of assessment instruments that allow the PER community to evaluate learning. So far most of the PER-developed instruments assess conceptual understanding and graphing skills.
Our summative use of the rubrics to study if students in introductory physics courses ͑primarily the introductory physics course for biology majors͒ are getting better in using the abilities is positive for the most part. In the multiplerepresentation study we found that a relatively large number of the students ͑about 60% compared to 20% in traditionally taught courses͒ used free-body diagrams in their problem solving. Correct use of the diagrams was significantly correlated with success in the problem solution. In the second study concerning student-experimental abilities, we found that their abilities to design an experiment, to devise a mathematical procedure to solve an experimental problem, and to communicate the details of the procedure performance improved significantly. However, their ability to evaluate experimental uncertainties did not change significantly. In the third study, we found that students could transfer some abilities learned in one context to new contexts. In the fourth study, we found that there was a significant increase in student problem solving performance in conceptual areas in which they had done limit case evaluation activities. It seems that this type of evaluation enhances student understanding and problem solving. Finally, we have evaluated student traditional problems solving performance in this learning system that emphasizes the development of science process abilities. These students do significantly better on multiple choice problems on final tests than their peers taught via traditional methods. 49 In summary, it seems that it is possible to help students in introductory physics courses start acquiring some of the science process abilities that are needed for work in the 21st century workplace. The learning system also enhances student performance in terms of traditional measures. Developed rubrics can used for research purposes to collect data about student progress and for comparison of student learning in different courses. An attempt is made to identify the relationship or explanation to be tested but is described in a confusing manner.
The relationship or explanation to be tested is described but there are minor omissions or vague details.
The relationship or explanation is clearly stated.
2 Is able to design a reliable experiment that tests the relationship or explanation.
The experiment does not test the relationship or explanation.
The experiment tests the relationship or explanation, but due to the nature of the design it is likely the data will lead to an incorrect judgment.
The experiment tests the relationship or explanation, but due to the nature of the design there is a moderate chance the data will lead to an inconclusive judgment.
The experiment tests the relationship or explanation and had a high likelihood of producing data that will lead to a conclusive judgment.
3 Is able to use available equipment to make measurements
At least one of the chosen measurements cannot be made with the available equipment.
All of the chosen measurements can be made, but no details are given about how it is done.
All chosen measurements can be made, but the details about how it is done are vague or incomplete.
All chosen measurements can be made and all details about how it is done are clearly provided. A decision is made but it is not strongly based on the results of the experiment.
A decision is made based on the results of the experiment, but the reasoning is flawed.
A correct decision is made and is based on the results of the experiment.
5
Is able to make a reasonable judgment about the relationship or explanation.
No judgment is made about the relationship or explanation, or is not based on the results.
A judgment is made but it is based only on the degree of agreement between the results and the prediction.
A judgment is made based on the reliability of the experiment and the degree of agreement between the results and the prediction, but the reasoning is flawed.
A reasonable judgement is made based on the reliability of the experiment and the degree of agreement between the results and prediction.
Ability to construct, modify, and apply relationships or explanations 7 Is able to make a reasonable prediction based on a relationship or explanation.
No attempt to make a prediction is made. The experiment is not treated as at testing experiment.
A prediction is made but it does not follow from the relationship or explanation being tested, or it ignores or contradicts some of the assumptions inherent in the relationship or explanation.
A prediction is made that follows from the relationship or expla nation, but it does not incorporate the assumptions.
A prediction is made that follows from the relationship or explanation and incorporates the assumptions.
8 Is able to identify the assumptions made in making the prediction.
No attempt is made to identify any assumptions.
An attempt is made to identify assumptions, but most are missing, described vaguely, or incorrect.
Most assumptions are correctly identified.
All assumptions are correctly identified. In my experiment, I wish to test the hypothesis that an object always moves in the direction of the net force exerted on it by other objects.
States the hypothesis to be tested experimentally. 1 3
I will get the bowling ball moving to the left in a straight line. I will then hit it towards the right with a mallet gently.
Description of the experiment: The proposed experiment tests the hypothesis and has a high likelihood of producing data that will lead to a conclusive judgment.
3
Student draws figures and free-body diagrams here.
Multiple representations.
I assume there is no friction between the ball and the floor. Then the only force on the ball in the x direction is the force of the mallet on the ball to the right. Net force is to the right.
Discusses an assumption in the procedure. However, the main assumption-that the floor is not tilted is not addressed. The friction assumption is irrelevant.
1
Prediction: According to the hypothesis the ball should immediately start moving to the right when the mallet hits it no matter how hard we hit it.
Prediction is based on the hypothesis. 7 3
Outcome: When I tapped the ball gently the ball first slowed down, and only later moved to the right. When I tapped hard, the ball still slowed down a little but then moved to the right. It did not instantly reverse directions as the hypothesis predicted.
Note that the student has designed and performed a series of experiments where the outcome is different from the prediction, i.e., she tries to reject the rule.
3
Based on my prediction and the experimental outcome, the hypothesis is not supported. Transcript of student's lab report
Researcher's comments based on scientific abilities rubrics Rubric item Score Hypothesis we will test: An object always moves in the direction of the net force exerted on it.
Possible experiments: 1. Hit a bowling ball with a mallet. 2. Push a dynamics cart along a dynamics track. 3. Push ͑gently͒ your lab partner forward. The first choice would be the best because it would most clearly exhibit the hypothesis we are trying to prove.
Brainstorming different experiments. Note that the student is trying to support hypothesis.
Chosen experiment: We will hit the bowling ball ͑which is sitting at rest͒ in a forward direction, using the mallet. This experiment will confirm the rule instead of trying to reject it. Due to the nature of the design it is likely the data will lead to an incorrect judgment.
1
Prediction: The ball will move in the forward direction, the same direction as the net force exerted on it by the mallet, and in no other direction besides that one.
Prediction is based on the rule under test, but assumptions are not considered.
2
Assumptions are not described. 8 0 Outcome: The ball moved forward in the exact direction of the net force on it ͑force of the mallet͒. Yes-the prediction was confirmed.
Note that the student has designed and performed an experiment where the outcome is supported by the rule. 4 3
Based on our prediction and successful outcome, we can say that hypothesis is supported by experimental evidence.
The judgment is based only on the degree of agreement between the results and the prediction. 
